Organisms growing at elevated temperatures face the challenge of maintaining the integrity of their genetic materials. Archaea possess unique chromatin proteins for gene organization and information processing. We present the solution structure of Sso7c4 from Sulfolobus solfataricus, which has a homodimeric DNA-binding fold forming a swapped b-loop-b 'Tai-Chi' topology. The fold is reminiscent of the N-terminal DNA-binding domain of AbrB and MazE. In addition, several amide resonances in the heteronuclear single quantum coherence spectra of Sso7c4 are shifted and broadened with the addition of small amounts of duplex DNA oligomers. The locations of the corresponding amides in the Sso7c4 structure define its DNA-interacting surface. NMR spectra of DNA titrated with the protein further indicated that Sso7c4 interacts with DNA in the major groove. Taken together, a plausible model for the Sso7c4-DNA complex is presented, in which the DNA double helix is curved around the protein dimer.
INTRODUCTION

Sulfolobus
solfataricus is a thermoacidophilic crenarchaeon that grows optimally at 80-85 C and pH 2-4 (1). It contains a number of relatively abundant small basic DNA-binding proteins of 7-, 8-and 10-kDa families. One of the 7-kDa family members, named Sso7d, has been thoroughly studied (2, 3) and has provided insights into non-specific DNA binding by the only known Sulfolobus chromatin protein-DNA complex structure (4) (5) (6) . Little is known about the 8-kDa family members, except that they are apparently composed of two species (Sso8a and Sso8b). The 10-kDa group comprises three unrelated species (Sso10a, Sso10b and Sso10b2) (7) . NMR and X-ray studies revealed that Sso10a is a dimer of winged helix DNA-binding domains linked by an antiparallel coiled-coil rod (8, 9) . Sso10b (renamed Alba) is a conserved archaeal chromatin protein interacting with sir2 and tightly binds to double-stranded DNA (dsDNA) modulated by acetylation but without apparent sequence specificity (10, 11) , while Sso10b2 is the smaller isoform of Sso10b (12) .
From sequence alignment, another small DNA-binding protein, Sso7c4, exhibited similarities with two transcriptional repressors (Ecrep 6.8 and Ecrep 7.3) of Escherichia coli (13) , the repressor protein ACCR in Agrobacterium tumefaciens (14) and the initiation factor aIF-1A from the archaeon Methanococcus jannaschii (15) . Hence, Sso7c4 might have a regulatory role in gene transcription in archaea (16) .
Here, we used multidimensional NMR spectroscopy to determine the solution structure of Sso7c4. The structure revealed a homodimeric DNA-recognition fold, which belongs to the SpoVT-AbrB superfamily. To gain insights into the molecular basis of DNA binding by Sso7c4, we studied its complex with DNA using NMR spectroscopy. An analysis of the backbone and side-chain chemical-shift differences between the free and bound forms of the protein shows the 'footprint' of the protein surface in contact with the DNA, which provides a model of Sso7c4 complexed with dsDNA.
MATERIALS AND METHODS
Expression and purification
The S. solfataricus P2 (EMBL accession number CAC23286) Sso7c4 gene was amplified from S. solfataricus chromosomal DNA. The gene was cloned into the pET-30 vector (Novagen) with NdeI and XhoI sites to allow for expression of the recombinant protein with an N-terminal sequence and then transformed into E. coli BL21(DE3). Protein expression was induced by the addition of 0.4 mM isopropyl-beta-D-thiogalactoside (IPTG) at 310 K for 3 h. The cells were harvested by centrifugation, resuspended in lysis buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl) and broken by microfluidization. The lysate was then centrifuged at 40 000g. The supernatant was heated to 338 K for 10 min in a water bath, and denatured proteins were precipitated by centrifugation at 40 000g. The supernatant was applied to an SP-Sepharose high-performance 26/10 column (Hi-Load, Amersham-Pharmacia). A gradient of 0-1 M NaCl in buffer A was used to elute cationic proteins. Fractions corresponding to a distinct absorbance peak were analyzed by SDS-PAGE and shown to contain essentially homogenous Sso7c4 protein. Finally, the pure fraction was dialyzed against deionized water and lyophilized for longer storage. Eletrospray (ES)/mass spectrometry (MS) identified that the first-methionine residue was removed.
DNA-RNA gel retardation assay
Plasmid PET-16b was purified by use of a QIAprep Spin Miniprep Kit (Qiagen, GMbH). Yeast RNA was resuspended in RNase-free water. The plasmid DNA (200 ng) or yeast RNA (10 mg) was mixed with increasing amounts of Sso7c4 in 15 ml of 10 mM Tris, 1 mM EDTA buffer, pH 8.0 and the mixtures were incubated at room temperature for 2 min, then subjected to electrophoresis on a 0.5% or 1% agarose gel in the Tris-borate-EDTA buffer provided with the kit.
Surface plasmon resonance
The following two DNA duplexes that were PAGEpurified and 5 0 -biotin-labeled (MDBio Inc, Taiwan) were used: d(biotin-CGCTATAGCG) (8-mer) and d(biotin-CG CGTACGCGTACGCG) (16-mer) . Surface plasmon resonance was measured by use of a BIAcore X instrument (BIAcore AB, Uppsala, Sweden) with the BIAlogue kinetics evaluation program (BIAEVALUATION v3.1, Pharmacia Biosensor). Samples of DNA oligomer in HBS-EP buffer (0.01 M HEPES, pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% surfactant P20) were applied to flow cells in streptavidin-derivatized sensor chips (BIAcore SA chips) in a BIAcore X optical biosensor system at a flow rate of 2 ml min À1 to achieve long contact times with the surface and to control the amount of DNA bound to the surface. The sensor chips were conditioned with 3 consecutive 1-min injections of 1 M NaCl in 50 mM NaOH, then extensive washing with HBS-EP buffer. Similar amounts of each oligomer were immobilized on the surface by non-covalent capture. The DNA ligand-modified chip surface was regenerated by injecting 20 ml of 1 M NaCl in 50 mM NaOH. The sensor chip surface without a DNA ligand coating was used as the control and was injected with Sso7c4 simultaneously for each binding experiment. Steady-state binding analysis was performed at 25 C by sequential injection of different concentrations of indolicidin over the immobilized DNA surfaces, each for a 10-min period at a flow rate of 20 ml min À1 . Solutions of known concentrations of Sso7c4 were prepared in filtered and degassed HBS-EP buffer by serial dilutions from a stock solution in HBS-EP buffer and were injected from 7-mm plastic vials with pierceable plastic crimp caps (BIAcore Inc.). The results were plotted on a sensorgram and expressed as resonance units against time.
NMR spectroscopy
Samples used for NMR data collection contained 1.5-2.5 mM protein, were $99% pure, and were stored at pH 5.0 in 20 mM potassium phosphate, 50 mM sodium chloride and 95% H 2 O/5% D 2 O or 99.9% D 2 O. Typical homonuclear and heteronuclear NMR spectra (17, 18) were recorded at 310 K on a Bruker Avance-800, Avance-600 or AMX-500 spectrometer with use of cryogenic triple-resonance probes with z-axis pulse-field gradient capability, essentially as described (19) .
Determination of the 3D structure
Distance restraints of Sso7c4 were derived primarily from the 200-ms NOESY and 15 N-NOESY-HSQC spectra recorded at 310 K in 20 mM phosphate buffer, pH 5.0 and compared to the 100-ms NOESY spectra to assess possible contributions from spin diffusion. Peak intensities were classified as large, medium, small and very small, corresponding to upper-bound interproton distance restraints of 2.5, 3.5, 4.5, and 6.0 Å , respectively. An additional correction of 1.0 Å was added for methylene and methyl groups. Backbone dihedral restraints were inferred from 3 J NHa coupling constants from HNHA, with restraint to À120 ± 40 for 3 J NHa > 8 Hz and À60 ± 30 for 3 J NHa < 6 Hz. 3D structures were generated by use of a simulated annealing and energy minimization protocol in the program Xplor-NIH (20) . Hydrogen-bond restraints were included only in the final stage of refinement. Average structures were calculated with the final set of refined structures and were further energy minimized to ensure correct local geometry. The INSIGHTII (Molecular Simulation Inc., San Diego, CA), MOLMOL (21) and PyMol (22) software programs were used to visualize sets of structures and to calculate and draw the electrostatic surface potential of the final 3D models. The convergence of the calculated structures was evaluated in terms of the structural parameters [i.e. the root mean square deviation (rmsd) from the experimental distance and dihedral constraints, the values of the energy statistics (F noe , F tor , F repel ) and the rmsd from the idealized geometry].
Ensemble analysis of Sso7c4 backbone stereochemical quality involved use of PROCHECK_NMR (23) and showed that >91.5% of the residues were in favorable or allowed locations on a Ramachandran plot, and no residues were in the disallowed regions. A total of 966 restraints were obtained from analysis of the NMR data and include 890 NOEs, 40 dihedral angle restraints and 36 hydrogen bond distance restraints (two restraints per hydrogen bond, added during the final stages of refinement). Distance geometry and simulated annealing calculations were used to generate an ensemble of 10 conformers consistent with the NMR data ( Figure 1C ). The structures exhibit good covalent geometry and have no NOE, scalar coupling or dihedral angle violations >0.5 Å , 2 Hz or 5 , respectively. Complete restraint and structural statistics are in Table 1 .
NMR titration analysis
DNA used for NMR titration was chemically synthesized and gel-purified. One-dimensional spectra of DNA in the same condition as for the HSQC titration experiment, mentioned above, were recorded by adding increasing amounts of Sso7c4. For proton assignment of DNA, DQF-COSY, TOCSY and NOESY spectra were used.
Molecular docking model of Sso7c4-DNA complex
To understand more clearly the binding mechanism and test whether chemical-shift changes and the structure of Sso7c4 are complementary to the DNA structure, we used InsightII to build a model of the complex using a bent dsDNA from the partial nucleosome structure. The DNA-binding surface of the Sso7c4 dimer was docked manually into the major groove with particular attention paid to matching the pattern of chemical shift changes, sharp complementarity, absence of steric clashes (especially with the protein backbone) and favorable electrostatics, so that the molecular 2-fold axis of the dimer was aligned with a local dyad of dsDNA. Finally, we performed a brief minimization to remove steric clashes between the protein side chains and DNA. Minimization was calculated by use of the DISCOVER (30) . Sequences were obtained form the National Center for Biotechnology Information database (http://www.ncbi.nlm.nih.gov). Entry codes are P81552 (Sso7c4a and Sso7c4b), P81551 (Sso7c3a and Sso7c3b), NP_376734 (STS096), YP_254819 (Saci_0101), YP_255851 (Saci_1212), NP_343080 (SSO8620), NP_344389 (SSO11914), NP_376639 (STS089), NP_376742 (STS097), NP_376811 (STS102), NP_125810 (PAB3032), NP_126453 (PAB3187), NP_560284 (PAE2828), NP_071181 (AF2359), NP_578302 (PF0573), YP_184642 (TK2229), YP_182870 (TK0457), YP_184674 (TK2261), YP_256551 (Saci1955) and NP_142833 (PHS027). For the group I (Sso7c3, Sso7c4, Saci0101, Saci1212 and STS096) and the group 2, each possessing shorter sequence length near 55 and 75 amino acids, respectively, are aligned. Residues are numbered according to Sso7c4a from S. solfataricus. The residues R11 and R22 are highly conserved across the species and other hydrophobic residues are also important in hydrophobic interactions. (B) The phylogenetic tree for the above alignment. The protein names are colored according to the classification as in (A). The scale bar indicates the distance corresponding to 0.1 amino acid substitutions per site. Sso, S. solfataricus; STS, S. tokodaii; PAB, Pyrococcus abyssi; PAE, P. aerophilum; PF, P. furiosus; TK, Thermococcus kodakaraensis; PHS, P. horikoshii.
program (Accelrys, San Diego, CA, USA) with CVFF force-field parameters.
RESULTS AND DISCUSSION
Sso7c4 family is a new member of small DNA-binding proteins in the archaeal kingdom Several sequenced archaeal genomes have homologous proteins of Sso7c4 (Figure 1 ) belonging to two groups consisting of $55 and $75 amino acids. BLAST search against the protein structure database revealed similar folds to SpoVT-AbrB superfamily with low identity. To establish a functional role for Sso7c4, we first measured its binding affinities with dsDNA by gel electrophoretic retardation analysis. Binding to dsDNA was observed with presence of at least a 10:1 molar ratio of protein to plasmid (5711 bp) (Figure 2A 
Sso7c4 forms a homodimer in solution
The average T2 relaxation value of Sso7c4 suggested that the protein existed in a form larger than that of the monomer in solution. Size exclusion chromatography showed the presence of a peak of 12 $ 18 kDa, which is compatible with the formation of a dimer or higher oligomer. Analytical ultra-centrifugation experiments conclusively showed that Sso7c4 forms a stable dimer at pH 2.0, 5.0 and 9.0 (Supplementary Figure S1 ).
Spectral analysis and secondary structure determination
Heteronuclear multidimensional NMR techniques were used for resonance assignments (BMRB-17301), sequential connectivities and distance geometry for the development of a structural model. Sso7c4 showed well-resolved proton NMR spectra. However, two peaks (ratio 70:30) appeared in the downfield region ($9.5-11 ppm) of the 1D spectrum from the indole H N of the single tryptophan, which indicates two conformations of Sso7c4. In addition, two sets of cross-peaks (for simplicity denoted as 'doublets' hereafter) were observed for several residues of Sso7c4 in the 2D 1 H-15 N heteronuclear single quantum coherence (HSQC) spectra (Supplementary Figure S2) . The presence of two chemically different species can be ruled out, because MS showed only a single protein species (mass = 6142).
Two amide proton resonances were observed for each the following 11 residues: Glu4, Leu32, Glu39, Ser40, Glu41, Gly42, Gln47, Leu48, Leu49, Trp53 and Lys54. Two resonances were also observed for several side-chain protons of these residues. These residues scattered around the C-terminal end and loop 3, which suggests the presence of two conformers of the C-terminal tail due to the cis and trans forms of Pro52 According to the observed NOEs between Glu51 Ha and Pro52 Hd, the major conformer could be identified as the trans form of Pro52. Analysis of Ha chemical shifts with chemical shift index (Supplementary Figure S3) and nuclear Overhauser enhancement (NOE) connectivities ( Figure 3A) indicated that the folding topology of the Sso7c4 monomer contains four b strands and one a helix ( Figure 3B ). Strong, completely unambiguous NOEs could be identified between the solvent exchange-protected amide protons of Val43 and Lys45 located in b4 and b4 0 (primes indicate the second monomer in the dimer). These protons are too far (>7 Å ) from each other in the monomeric structure, but are close enough in a dimer. The b4 strand shows several NOE connectivities that are best explained by an intermolecular antiparallel b-sheet contact with its symmetry-related equivalent, b4 0 . In addition, unambiguous strong NOEs were observed due to the intermolecular short distance of side-chain protons between Phe25 and Val44, Ile46 and Leu48, as well as Tyr13 and Ile27 (Supplementary Figure S4) . This observation enabled the development of a low-resolution model of the dimeric Sso7c4 topology. Further refinement of the monomeric structure contributed to the identification of 66 (of the 124 total NOEs defining the dimeric interface) inter-subunit NOEs (Table 1) . These NOEs were excluded from the monomer structure calculation ( Figure 3A) .
Sso7c4 possesses the swapped b-loop-b 'Tai-Chi' fold
The solution structure of Sso7c4 is represented by an ensemble of 10 calculated structures selected on the basis of lowest residual restraint violations ( Figure 3C ). Sso7c4 possesses a homodimeric fold in which the two monomers form an extensive hydrophobic dimer interface that buries $4370Å 2 of the surface area. Each monomer forms a b1-b2-a1-b3-b4 topology without a hydrophobic core on Association of the monomers is through two b-sheets; in each sheet, two strands derive from one monomer and the first strand forms the other monomer. In addition, another short b-sheet is constructed by the b2 strand from each monomer. These arrangements form a strand-switched dimer interface. The architecture of homodimeric Sso7c4 is presented as the Chinese traditional 'Tai-Chi' symbol. The separation line (also called 'Yin-Yang' diameter) formed by two semicircles of the 'Tai-Chi' symbol generate more binary interaction than does the linear diameter. its own and represents only one-half of a typical protein domain. The swapped-b1 strand forms an inter-molecular anti-parallel sheet with the b3 0 strand. A complete domain structure is formed by the association of two chains, thus creating a hydrophobic core between two four-stranded b-sheets. This hydrophobic core consists exclusively of short aliphatic residues.
The dimer interface is largely composed of hydrophobic residues located in loop 1 (Y13) and loop 2, as well as the head of the hairpin (F37, V44, I46, I48 and F25 ).
The double-layered architecture of the dimeric Sso7c4 is composed of two anti-parallel b3-b4 hairpins at the bottom and two swapped-b-loop-b motifs on top. The two b-loop-b motifs are present in a symmetric manner as in the Chinese 'Tai Chi' symbol (also called 'Yin Yang') ( Figure 3D ). CD analysis showed Sso7c4 has the melting transition with a Tm value of 60 C in the presence of 1.5 M GdnHCl at pH 5.0. In contrast, in the absence of GdnHCl, the T m value of Sso7c4 could not be determined since it did not reach a completely denatured state even at near 100 C (Supplementary Figure S5) .
Analysis by DALI (24) revealed that Sso7c4 shares significant structural homology to the N-terminal DNA-binding domain of AbrB (AbrB-N) from Bacillus subtilis (25-27) with a rmsd of 3.47 Å between them. Additional homologs of Sso7c4 and AbrB-N were found for N-terminal domain of another DNA binding protein MazE (28) from E. coli. Interestingly, Sso7c4 shares <30% identities with AbrB-N and MazE-N but a common fold with swapped homodimeric scaffold (Supplementary Figure S6) . Since there are few consensus residues between Sso7c4 and the two protein family members for DNA binding, the further NMR experiments were carried out for DNA-binding studies of Sso7c4.
Mapping the DNA-binding surface of Sso7c4
The DNA-binding mode of Sso7c4 was analyzed by NMR analysis of the 15 N-enriched protein in the presence of the two DNA oligomers. The NMR spectra of the Sso7c4-DNA complex were well dispersed, thus enabling the assignment of the protein backbone resonance ( Figure 4A Figure 4C and D, and they define the DNA-binding surface (inset for each Figure 4C and D).
Dynamic properties of Sso7c4
The presence of backbone amide proton resonances in a 1 H-15 N HSQC spectrum after exchange of Sso7c4 in deuterated NMR buffer for 24 h defined residues 43 and 45 0 (and 43 0 to 45) as stable intermolecular hydrogen-bonded partners at the dimer interface. The steady-state heteronuclear 15 N-1 H-NOEs for most of the Sso7c4 backbone amides are >0.7, which indicates that the backbone of Sso7c4 is well ordered in solution ( Figure 4E and F) . The concerned residues (V43 to L48) of the b4 strand show the rigid properties associated with the stable dimeric interface. Related inter-(V44 to F25 0 and I46 0 ) and intra-molecular residues (F25 to I46 and L48) for forming the hydrophobic core also show little mobility. The residues in the loop L1 (K8-Q14) with higher mobility are in good agreement with its DNA-binding-regulatory role. In contrast, loop L3 (Q26-L32) with lower mobility is relatively rigid for stabilizing part of the dimer interface.
Sso7c4 binds to the major groove of duplex DNA
The
1 H NMR resonances of the free 12-mer dsDNA (5 0 -C AATCCGGATTG-3 0 ) were assigned according to the previous study (29) and confirmed from a combination of NOESY, TOCSY and DQF-COSY. The NMR spectra of 12-mer DNA at various ratios of added Sso7c4 are shown in Figure 5A . Only one set of 12-mer resonances were observed upon addition of protein at all molar ratios of protein to DNA. This indicates a fast-exchange (on the NMR time scale) between the free DNA and the protein-bound forms. DNA region matches not only that of the mapped surface of Sso7c4 involved in DNA binding, but also the molar ratio (one protein to $8 bp) from the gel retardation experiment.
A model of DNA-Sso7c4 complex
Our data showed loop 1, b2, a1 and loop 3 of Sso7c4 involved in DNA binding in the major groove. The protein surface for DNA binding was mapped by chemical-shift perturbation and consisted of considerable positive electrostatic characters. Charged residues in Sso7c4 are grouped into well-defined clusters on the protein surface ( Figure 6A ). The main basic patch comprises residues R11, K20, R22 and K24, and the side chain amides N12, Q14, Q23 and Q26, thus defining a putative DNA-binding site. R11, N12 and R22 are highly conserved in the archaeal homologs. The Sso7c4 dimer may present two DNA-binding loops (L1 and L2) for non-specific DNA binding. Compared to the similar fold of AbrB-N, DNA binding related conserved residues, Asp11, Arg15 and Arg 23 on AbrB-N are Arg 11, Gln14 and Arg22, respectively, on the relative position of Sso7c4. This suggests that Sso7c4 may bind DNA with similar mode but different DNA sequences from AbrB-N. In addition, our NMR perturbation with Sso7c4 upon dsDNA supported the DNA major groove binding model for the ApoVT-AbrB protein family. Thus, a plausible model of Sso7c4 binding to DNA was constructed ( Figure 6 ) with the dyad of the DNA duplex aligned with that of the Sso7c4 dimer in the DNA major groove. Figure 6C shows the complex model with surface potential of protein and ribbon of DNA. In this model, residues in the centre of this site are crucial for the ability of Sso7c4 to interact with different nucleotide sequences in the major groove. In Figure 6B and C, the optimal fitting of DNA to the dimeric structure of Sso7c4 involved a bent DNA. This model is supported by the matching of the positively charged clustered surface of Sso7c4 with the negative charge of DNA.
In addition, NMR dynamics data suggested that K8, R11, N12, Y13 and R15 (located in L1) have high mobility. The flexible L1 suggests that DNA binding depends on some level of structural plasticity in Sso7c4, which allows for the recognition of multiple unrelated DNA target substrates. The flexibilities of these residues may be a contributing factor in the ability of Sso7c4 to kink DNA. These residues are highly conserved across species and should be important for the function of the Sso7c4 family (Figure 1) .
Although the function of the Sso7c4 protein is unknown, the Sso7c4-related fold is found in many chromatin-associated proteins. Sso7c4 appears to be a small archaeal protein that binds to dsDNA without sequence specificity. The Sso7c4/bent DNA model suggests that Sso7c4 could be another significant member of chromatin proteins.
